With the rapid industrial development, wastewater has been a risk for environmental contamination.
INTRODUCTION
With the rapid industrial development, wastewater has been a risk for environmental contamination. Heavy metal pollution from wastewater has posed a serious threat to human beings and other livings. Pb, as one of the most common heavy metal pollutants, causes severe damage to the kidneys, central nervous system, reproductive system, liver and brain of humans (Gadd ) . Therefore, effective treatment of wastewater containing Pb 2þ is needed to protect human health and environmental quality. Conventional methods for removing heavy metals from wastewater include precipitation, coagulation, ion exchange, reverse osmosis, evaporation, membrane processes and adsorption (Sassi et al. ) . However, most of these technologies have drawbacks, such as high reagent requirements, operational costs, the need for residual toxic sludge disposal and unsuitability for large-scale applications (Zan et al. ) . Compared with the conventional methods, bio-sorption has a distinct advantage in heavy metal removal from contaminated water, including high efficiency, selectivity for specific metals, minimal investment and the adsorption occurring at lower concentration (Ahluwalia & Goyal ) . It is reported that many kinds of biomaterials interact with toxic metals effectively (Ahluwalia & Goyal ) . Akar et al. () have explored the removal of Pb 2þ from aqueous media by Cucumis melo in terms of the equilibrium, kinetics, thermodynamics and mechanism. Microorganisms, including fungi, algae and bacteria, that can tolerate heavy metals have been proven to be biosorbents of lead ions (Bueno et .00 and 7.00) with 0.1 M NaOH or 0.1 M HNO 3 . After adsorption, the R. mucilaginosa cells were harvested by centrifugation at 10,000 rpm for 10 minutes. The contents of Pb 2þ in the supernatant and Ca, Mg and P in the cells before and after adsorption were determined using an inductively coupled plasma (ICP-AES) alldirect-reading spectrometer (Leeman Prodigy, USA). The cells were harvested, washed twice with 0.9% NaCl, and dried in an oven at 60 W C for 24 hours. Then 0.3 g dried cells were digested with 8 mL HNO 3 and 2 mL H 2 O 2 until the solution was clear. Subsequently, ICP-AES was applied to measure their concentrations after the volume of solution was adjusted to 10 mL with 5% HCl. The contents of K and Na in the untreated and Pb 2þ -loaded cells were measured through atomic adsorption spectrometry (AAS, Z2300 Hitachi, Japan) with the pretreatments above. For the detection of the elements in the supernant, the cells were moved and the supernant was collected for detection. Pb 2þ adsorption capacity of R. mucilaginosa was determined according to Equation (1) (Can et al. ):
where Q is the amount of Pb 2þ adsorbed onto the biosorbent (mg/g), V is the volume of Pb 2þ solution (mL), C i and C e are the initial and equilibrium (residual) concentrations of Pb 2þ (mg/L), respectively, and M is the dry weight of bio-sorbent (g).
Experimental designs of RSM
Three main experimental parameters, initial concentration of Pb 2þ (X 1 ), initial pH value (X 2 ) and time (X 3 ), were chosen to conduct the experimental plans of 17 points (5 central points) on three factors and three levels, as required by Box-Behnken design (BBD) approach (Table 1) . The experimental sequence numbers were generated by the Design-Expert 8.0 software (Stat-Ease, Inc., Minneapolis, USA) randomly. The factor values and variable levels depended on previous reports on bio-sorption by Rhodotorula strains (Subbaiah et al. ) . A second-order polynomial equation was developed to study the capacity of the variables on the adsorption
where Q is bio-sorption capacity; A 0 is a constant; A 1 , A 2 and A 3 are linear coefficients; A 4 , A 5 and A 6 are the interaction effect coefficients; A 7 , A 8 and A 9 are square effect coefficients. The significance of each coefficient was determined by F-values and P-values.
FESEM, EDX, and XRF analysis
For the investigation of adsorbed elements, R. mucilaginosa WT6-5 was subjected to FESEM (Zeiss Ultra Plus, German) equipped with EDX at 15 kV of the accelerated voltage and 10,000 times magnification. Untreated and Pb 2þ -adsorbing R. mucilaginosa WT6-5 cells were dried and then covered with Au for later detecting the element compositions by XRF (Rigaku ZSX100e, Japan).
FT-IR spectra determination
FT-IR (Thermo Electron Corporation, Nicolet 380, USA) was used to analyze the active groups and bonds between untreated and Pb 2þ -adsorbing R. mucilaginosa WT6-5 cells. The cells were collected, washed twice with deionized water, dried in an oven at 50 W C for 24 hours, and ground using agate mortars to a certain consistency. Then, 1 mg of the ground cells was mixed with 150 mg of KBr for 4-5 minutes and pressed using a pressure machine. Finally, the FT-IR spectrums were recorded.
RESULTS AND DISCUSSION
Quantitative analysis of element contents before and after Pb 2þ bio-sorption onto R. mucilaginosa WT6-5
The ICP-AES and AAS results displayed that ion of K, as a vital constituent of cell membranes and cell walls, noticeably decreased from 1.17 to 1.04%, whereas the content of Pb 2þ in the cells increased notably from 0.005 to 0.14% after bio-sorption ( 
RSM experiment
The final predictive quadratic response equation was
The coefficients for the main variables and square effects of variables were highly significant with the F-value of 902.08 and P-value of 0.0001. It has been proven that higher F-values and lower P-values represented greater significance of relevant coefficients (Subbaiah et al. ) . Also, the P-value of 'lack of fit' was 0.2484, which is more than 0.05 showing that the model fitted well. This was further supported by the correlation coefficient, R 2 ¼ 0.9991. The adjusted R 2 was 0.9980. Former research has demonstrated that a higher adjusted R 2 showed a better degree of correlation between the observed and predicted values (Ravikumar et al. ) . Moreover, the relatively low value of the coefficient of variance (2.40%) reflected the better accuracy and reliability of the bio-sorption experiments. Therefore, the model was successfully constructed. The actual adsorption values (such as 0.08 and 0.65) were very close to their corresponding predicted values (0.077 and 0.64 respectively) suggesting that the optimized formulation was trustworthy and rational (Table 3) . This method could not only be useful for other studies about optimizing the experimental conditions but also provide guidance for the practice of optimizing the experimental conditions. The three-dimensional (3D) plots (Figure 1) showed the effect of various variables on the Pb 2þ adsorption. bio-sorption
The 3D response surface plot of Y ¼ f (X 1 , X 2 and X 3 ¼ 15 minutes) are shown in Figure 1(a) . The bio-sorption capacity of Pb 2þ increased with the increase of the initial concentration of Pb 2þ from 10 to 30 mg/L, as well as the initial pH value up to 5.00. The low pH (3.00) resulted in the lower adsorption while the adsorption capacity enhanced gradually with the increasing of pH. This result could be explained by the low pH making the metal binding sites positively charged, and then the metal cations and protons competed for binding sites, leading to lower Pb 2þ adsorption (Cho & Kim ) . However, when the pH was above 5.00, the adsorption capacity decreased, which Luo et al. () illustrated was due to the pH higher than 5.00 making both the soluble Pb 2þ and the binding Pb 2þ form precipitates which affected the bio-sorption. In addition, whatever the pH was, Pb 2þ adsorption efficiency increased with the increasing of the initial Pb 2þ concentration, which was in agreement with Subbaiah et al. () that the higher concentration gradient could drive more Pb 2þ binding to the active sites. Moreover, previous studies showed that the maximum bio-sorption efficiency of Saccharomyces cerevisiae was at pH 5.00 for Pb 2þ (Göksungur et al. ) and the equilibrium adsorption increased with the increase in initial concentration of metal ion (Han et al. ) , which were consistent with our study. Therefore, we came to a conclusion that higher Pb 2þ adsorption capacity would be The 3D response surface plot of Y ¼ f (X 1 , X 3 and X 2 ¼ 5.00) is shown in Figure 1( bio-sorption capacity of R. mucilaginosa WT6-5 is displayed in Figure 1(c) by the 3D response surface plot of Y ¼ f (X 2 , X 3 and X 1 ¼ 20 mg/L). The bio-sorption process tended toward completion after 20 minutes. The maximum biosorption capacity was obtained at 25 minutes. The biosorption capacity and efficiency increased with the increase in pH from 3.00 to 5.00, and then decreased when the pH value increased from 5.00 to 7.00. A former study found that a pH between 4.00 and 8. The FESEM images (Figure 2) showed that the untreated R. mucilaginosa WT6-5 cells were integrated without shape or structure transformation (Figure 2(a) ). However, after adsorbing Pb 2þ , the micro-capsule of the R. mucilaginosa WT6-5 cells was damaged and dissipated probably due to the toxicity of Pb 2þ . Moreover, some floccules emerged on the surface of cells, which may be due to the precipitates of Pb 2þ (Figure 2(b) ). There has been a report that the functional groups of carboxylic and phosphoric moieties were the primary sites of divalent metal complexation (Cho et al. ) . Therefore, Pb 2þ adsorption could be facilitated by the formation of complexes between Pb 2þ and some radicals on the cell walls or by fibrous precipitates of Pb 2þ attaching to the mycelium surface.
EDX showed that the contents (wt.%) of oxygen in cells untreated with Pb was 100% while the content was 57.6% in the cells treated with Pb. For Pb, the content was 0% in cells untreated with Pb while the content was 42.40% in cells treated with Pb (Table 4) . After adsorption, there appeared a Pb peak at 2.3426 KeV of EDX (Figure 2(b) ). Moreover, two new peaks of Pb-LB1 and Pb-LA appeared at approximately 28 and 34 W of 2θ of XRF spectra (Figure 2(d) ). All these results demonstrated that Pb 2þ bio-sorption onto R. mucilaginosa WT6-5 cells occurred.
FT-IR analysis
The FT-IR spectroscopy showed that after Pb 2þ adsorption, the peak at 3,420 cm À1 representing O-H group shifted to 3,416 cm
À1
. Also, the peak at 1,645 cm À1 representing C5 5O group shifted to 1,639 cm 
